We have studied the characteristics of x-ray emission in the 12-16Å range from plasmas produced by the irradiation of a target of Xe clusters with picosecond laser pulses at intensities near 10 17 W cm −2 . These plasmas exhibit strong emission from Ni-like through to Mn-like Xe. We find that the strength and character of the x-ray spectra are very similar when either 1053 or 526 nm laser pulses are used to heat the clusters.
Recently, a substantial amount of experimental [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and theoretical [4, 11] work has been conducted to characterize the plasmas produced when an intense picosecond or femtosecond laser pulse irradiates a gas containing van der Waals bonded atomic clusters. This interest has been sparked by the recent observation that these plasmas are strong emitters of XUV and x-radiation [1, 3] . This is in sharp contrast to the emission properties of a gas of monomers ionized by an intense short-pulse laser. When an intense laser pulse interacts with monomers, the atoms are ionized by multi-photon or tunnelling processes and subsequently emit recombination radiation from the charge states in the plasma created by direct optical ionization [12] . Low-density gases are, in general, rather inefficient at absorbing laser light and the plasmas that result are usually of modest temperature. At sufficiently high intensities, the growth of plasma instabilities can also heat the gas sufficiently to produce short-wavelength emission [13] . Gases containing atomic clusters of a few hundred to a few thousand atoms, however, exhibit very efficient absorption of the laser light even if the average density of the gas is low [8] . This high laser absorption occurs because of the high local density in the clusters which results in efficient heating of the cluster by collisional inverse bremsstrahlung.
The consequences of this high absorption by the clusters are quite striking. McPherson et al have observed strong emission from Xe clusters with wavelengths as short as 2.8Å [1] . They attributed the strong x-ray emission to the preferential ejection of inner-shell electrons in the cluster atoms by the coherent addition of oscillating electrons in the cluster, though this hypothesis has not been supported by the findings of other groups [3, 10, 14] . Ditmire et al have also observed strong x-ray emission from short-pulse laser-heated gases of clusters, emission which appeared to indicate that the plasma temperatures produced in these interactions was quite high, approaching 1 keV [3] . This indirect evidence of cluster heating has been confirmed by the recent observation of multi-keV electrons ejected from the intense irradiation of Xe clusters [15] . These energetic laser-cluster interactions are also accompanied by a violent explosion of the hot cluster microplasmas ejecting ions with substantial energy [16] .
Quantitative measurements of the x-ray yield from Xe cluster plasmas indicate that, though the x-ray yield is typically lower than from a solid target plasma, it is still substantially higher than that produced by the intense irradiation of a gas of Xe monomers [9] . To gain further insight into the physics of the laser-cluster interaction, we have performed keV spectroscopy on short-pulse laser-heated Xe cluster plasmas. In this paper we report on the spectral characterization of x-rays emitted from the M-shell bands of Xe in the 12-16Å range in plasmas produced by the intense heating of a gas of Xe clusters with 526 and 1053 nm laser pulses. We compare experimental data with modelling of the ionization kinetics.
In our experiment we use a Nd:glass laser which utilizes the technique of chirped pulse amplification to produce 2 ps (full width at half maximum), 0.5 J pulses with a wavelength of 1053 nm. These pulses can be frequency doubled in a 1 cm thick KDP crystal to yield 0.3 J pulses at 526 nm. An f/12 lens was used to focus either 1053 or 526 nm pulses to a 1.1× diffraction-limited Gaussian spot with a peak vacuum intensity of approximately 1 × 10 17 W cm −2 . The laser pulses were focused into the output of a solenoid-valve pulsed gas-jet backed with xenon gas at a pressure of 30 bar. Under these gas jet conditions the xenon atoms undergo extensive condensation and virtually all of the Xe monomers will aggregate into large clusters. Previous Rayleigh scattering measurements on our gas jet indicate that the average Xe cluster size is around 200Å. The average atomic density in the gas jet was 6 × 10 18 cm −3 [17] . With these conditions nearly 90% of the laser energy is absorbed within the focal volume in the Xe cluster gas, yielding a high-temperature plasma [8] .
The spectra of x-rays emitted from the Xe plasma resulting from the illumination by the laser were recorded with a flat crystal spectrometer comprised of a TlAP crystal and an x-ray CCD detector filtered by two layers of 1000Å Formvar, each coated with 2500Å of aluminium. The spectrometer was positioned so as to view the plasma in a direction perpendicular to the laser propagation axis, with a source-to-detector distance of 140 mm. A wavelength calibration was produced by recording the H-and He-like resonance lines of fluorine emitted from the irradiation of solid LiF targets.
The x-ray emission in the spectral range near 1 keV from these Xe plasmas is fairly strong. Previous measurement of the total, time-integrated x-ray yield with photon energy above 1 keV from the Xe plasma produced by 526 nm irradiation indicates that approximately 5 µJ of x-rays are emitted into a solid angle of 4π when 0.3 J heating laser pulses are used [9] . This level of emission is, however, somewhat lower than the amount of x-ray yield from solid targets of a similar Z. We find, for example, that the level of emission in the 12-16Å range from the Xe clusters is roughly a factor of ten lower than emission from the irradiation of solid indium (of similar Z to Xe) with our laser system.
To ascertain the spatial distribution of this plasma emission we have conducted a series of pinhole camera measurements on the Xe plasmas. The camera was fitted with a 40 µm pinhole and was filtered with a 20 µm thick Be foil to block photons with energies below about 0.8 keV. The observed image had a magnification of 12 and was recorded with a dual-microchannel-plate detector. The x-ray image of the Xe plasma produced with 526 nm pulses integrated over 30 shots is illustrated in figure 1 . From this image we can see that the hot plasma filament has a diameter of approximately 120 µm (±20 µm) and a length of 3 mm. This is significantly broader than the region initially heated by the ≈ 25 µm (FWHM) laser focus, and picosecond time resolved interferometry measurements [17, 18] show that there is extremely rapid non-local energy transport into the surrounding cold cluster medium. Thus strong x-ray emission is seen from both the region directly heated by the laser, and the surrounding volume heated by hot electrons ejected from the exploding clusters. We do not see any indication of self-focusing in either the x-ray emission data or interferometric measurements presented in [18] .
We have also measured the electron density of this Xe plasma using short-pulse laser interferometry [17, 18] . These interferometric measurements indicate that immediately after the 526 nm laser pulse ionizes the Xe cluster gas (within 5 ps of the peak of the heating pulse) the peak electron density in the centre of the plasma filament is ≈1.3 × 10 20 cm −3 . These measurements combined with the fact that 90% of the 0.3 J pulse is absorbed in the plasma suggest that the peak electron temperature is nearly 700 eV, assuming equal electron and ion temperatures. The ion temperatures, in fact, may be much higher [16] , however the ions constitute a small fraction of the particles in the plasma and we, therefore, expect a sizable fraction of the deposited energy to reside in the electrons.)
The time-integrated spectra of Xe plasmas in the 12-16Å range recorded with both 526 and 1053 nm irradiation are shown in figure 2 . Each of the two spectra represent the average of 10 laser shots. The 526 nm spectrum was collected using 0.3 J of laser energy and the 1053 nm spectrum was collected using 0.45 J of laser energy per shot. This assured that the peak intensities in the two cases were nearly equal, as the focal spot is near diffraction limited for both wavelengths. The two spectra were acquired under otherwise identical conditions. We see that the relative magnitude and shape of the two spectra are almost identical when irradiated by the two different colours. Integrating the emission in the 526 nm spectrum between 12.6 and 15.6Å and accounting for filter transmissions, CCD quantum efficiency and crystal response we calculate the total x-ray yield emitted into 4π in this spectral region to be approximately 3 µJ. This is in very good agreement with the previous PIN diode measurements of 5 µJ above 1 keV which was attributed to Xe M-shell emission [9] .
We have performed calculations using GRASP [19] , a multiconfigurational Dirac-Fock code, to calculate the wavelengths and oscillator strengths of transitions in this region of the emission spectrum of ionized Xe. We find the strong line at 14.25Å to be a 4f-3d transition, which the code predicts to be the dominant transition in Ni-like Xe (Xe 26+ ). The feature at 14.4Å is not a single line but a closely spaced group of Cu-like satellite lines. These satellite lines arise from 4f-3d transitions in ions which possess a single spectator electron in the 4s, 4p or 4d levels. The calculations reveal a high concentration of such transitions between 14.39 and 14.48Å . The other broad features between 12.7 and 14.1Å arise from unresolved 4f-3d transition arrays in the higher charge states of Xe, that is Co-, Fe-and Mn-like. Due to the complexity of the problem we have not attempted to generate a full synthetic spectrum over the region we have investigated experimentally. However, the code predictions for the 4f-3d line and its satellites are in good agreement with our observations.
The general shape of the spectra we observe is not dissimilar to that observed by Celliers from the irradiation of a gas puff target by a long (13 ns), 30 J laser pulse at a wavelength of 1054 nm [20] . Because the pulses used in that study are considerably longer than the estimated disassembly time of any clusters in the gas jet [4] , it is expected that the laser pulses interacted predominantly with low-density Xe gas instead of clusters. As in our results, the spectra of Celliers et al show strong Ni-like emission, however, our short-pulsegenerated plasmas also tend to show stronger emission from the higher charge states. In addition, the short-pulse-generated spectra exhibit much stronger emission from the satellite lines than the long pulse data. The presence of strong satellite line emission from the short-pulse irradiation of clusters has also been reported in [1, 2, 5] .
We have calculated the time evolution of the ionization kinetics of Xe ions in a shortpulse laser-heated cluster plasma using the NIMP code [21] . NIMP is an average-atom code which calculates the time-dependent non-LTE excitation and ionization distribution in the plasma using a collisional-radiative model. It takes as a starting point the time history of the plasma density and temperature inside the laser-heated cluster, calculated using the hydrodynamics simulation of cluster heating described in [4] . Figure 3(a) illustrates the hydrodynamic evolution of a 200Å cluster irradiated by a 2 ps, 526 nm pulse with a peak intensity of 10 17 W cm −2 . Figure 3(b) shows the corresponding excited state populations (single electron in the n = 4 level) of the Mn-like (29+) through to Ni-like (26+) ion stages. The fast rise in electron temperature due to the highly efficient laser absorption results in the rapid ionization of Xe atoms in the cluster to highly charged states. Within 200 fs of the onset of ionization the cluster is ionized to just past Ni-like with a mean ionization stage Z * of 26.2. The disassembly time of the cluster is 1-2 ps, and after this time the cluster has expanded to such an extent that encounters with neighbouring clusters begin to occur. Figure 3(b) indicates that during the disassembly time we can expect a high fraction of ions to occupy the Ni-like excited state (> 5%). Substantial populations are also expected in the excited states of higher charge states, Xe 27+ , Xe 28+ and Xe 29+ , the proportions of which decrease with increasing charge. This result supports the observation of strong emission from the higher charge states above Ni-like.
The scaling of our data with laser wavelength seems to contradict the findings of Kondo et al who reported that they observed a very strong increase of the Xe emission with decreasing laser wavelength [7] . In [7] it was reported that the emission from Ni-like Xe in plasmas produced from Xe cluster irradiation by 248 nm pulses increased by a factor of 330 over the emission from a plasma produced by 800 nm light. This large difference, however, may have arisen from the quite different conditions under which the spectra from the two wavelengths were acquired in their experiments (such as different laser energy, different laser peak intensity and different gas jet conditions). Our comparison indicates that, in fact, the level of the Xe emission is essentially constant with a change in laser wavelength from 1053 to 526 nm when other experimental variables are held constant. Recent work by Dobosz et al [22] investigating x-ray yield from Kr clusters heated by 790 and 395 nm laser pulses also supports this conclusion.
This experimental observation is consistent with our modelling, which indicates that there is no substantial difference in the time history of the cluster dynamics when either 526 or 1053 nm light is used to heat the cluster. These calculations do generally indicate that shorter wavelength light will result in a slightly higher temperature plasma. This may be manifested in the data in the slightly stronger emission from the higher charge states in the 12.5-13.5Å range from the 526 nm heated plasmas.
In conclusion, we have examined the keV spectrum produced from the intense irradiation of a gas of Xe clusters by 2 ps laser pulses. We find that at an intensity of around 10 17 W cm −2 the Xe plasma exhibits strong emission from Ni-like Xe, along with strong emission bands from Xe 27+ , Xe 28+ and Xe 29+ . The integrated strength of the emission is consistent with previous total x-ray yield measurements. The spectral characteristics of the x-ray emission are consistent with those predicted by a non-LTE ionization calculation based on a hydrodynamic simulation of the cluster heating process. Furthermore, we find that the strength and shape of emission produced is the same whether 526 or 1053 nm laser pulses are used to heat the Xe clusters.
